Abstract Rabies is a neglected viral zoonotic disease affecting humans, domestic and wild animals and is endemic in most parts of the India. Dog mediated rabies is more predominant than other forms of rabies and molecular epidemiology is poorly understood in both reservoir and susceptible hosts. In the present study, a total of 140 rabies suspected brain samples from different species of animals from different geographical regions of India were used. The samples were parallelly tested by direct fluorescent antibody test, reverse transcriptase PCR and real-time PCR. Thirty positive samples were subjected for partial nucleoprotein gene sequencing and phylogenetic analysis. On sequence and phylogenetic analysis, it was observed that all Indian rabies viruses belonged to classical rabies virus of genotype 1 of Lyssavirus and formed two distinct groups. The majority of isolates were in group-1 and are closely related to arctic/arctic like lineage, whereas group-II isolated are closely related to cosmopolitan lineage. These results indicated there is simultaneous existence of two distinct lineages of rabies viruses in Indian subcontinent. Further whole genome studies are needed for better understanding of molecular epidemiology of rabies virus circulating in animals for control and prevention of rabies in India.
Introduction
Rabies is a neglected zoonotic disease of mammals caused by members of the genus Lyssavirus, family Rhabdoviridae and order Mononegavirales. The causative agent, rabies virus (RABV) belongs to Phylogroup I, which also includes Australian bat lyssavirus (ABLV), Duvenhage virus (DUVV), European bat lyssaviruses 1 and 2 (EBLV1 and 2), Aravan virus (ARAV), Khujand virus (KHUV) and Irkut virus (IRKV), whereas phylogroup II includes Lagos bat virus (LBV) and Mokola virus (MOKV). The most divergent species in the genus, West Caucasian bat virus (WCBV), is not a member of either of these phylogroups (ICTV, 2017) . In India, the classical RABV circulate mainly in stray dogs, which serve as the principal reservoir and transmitter of rabies to humans and other animal species [16, 17] . The RABV genome consists of five genes, which encode five proteins namely Nucleoprotein (N), Phosphoprotein (P), RNA polymerase (L), Matrix protein (M) and the Glycoprotein (G) [20] . The highly conserved N protein is critical for genome encapsidation, transcription and replication and is frequently used as a diagnostic and Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13337-018-0478-9) contains supplementary material, which is available to authorized users. [1, 6, 8, 12] . The genetic characterization of RABV from domestic and human origin has been studied by targeting N gene [11] [12] [13] [14] [15] G gene [3] and P gene [13] . However, considering the burden and endemicity of rabies in India, the molecular epidemiology of the circulating rabies virus in animals was carried out to understand the genetic makeup of rabies virus through partial N gene based sequencing and phylogenetic analysis.
Materials and methods

Ethics statement
No animals were used for this study. Suspected brain samples from different species of animals that were already dead were submitted for laboratory confirmation of rabies. (Table 1) were used in the study.
Samples
Screening of samples
All these samples were processed for fluorescent antibody test (FAT), reverse transcription-polymerase chain reaction (RT-PCR) and real time PCR (qPCR) in order to detect the RABV antigen/nucleic acid for providing diagnosis. For FAT, the brain impression smears were prepared from coronal sections of brain followed by fixation in chilled acetone solution. During each run the normal brain smear (tested by all the three tests) slides were used as negative control. RABV antigens in the brain impression smears were detected by fluorescently labeled nucleoprotein gene specific monoclonal antibody (Millipore, USA) following the standard protocol of World Health Organization [9] . Briefly, the fixed brain impression smears were equilibrated to room temperature followed by washing thrice with 1X phosphate buffered saline (PBS; pH 7.2) for 5 min each with intermittent shaking. The slides were incubated with anti-rabies FITC conjugate (1:20 dilution) and incubated in humidified dark chamber at 37°C for 1 h. The slides were washed thoroughly in PBS, mounted with aqueous mountant and examined under fluorescent microscope (Nikon, Japan) in for the presence of dusty apple green fluorescence signals.
For RT-PCR, approximately 100 mg of two coronal sections from brain were homogenized and viral RNA was extracted using QIAamp Viral RNA mini kit (QIAGEN, USA), following the manufacturer's instructions and the extracted RNA was quantified using NanoDrop TM spectrophotometer (ND-2000, Thermoscientific, USA). Complementary DNA (cDNA) was synthesised from the viral RNA by RevertAid First Strand cDNA Synthesis (Thermo Fisher Scientific, USA), following the manufacturers protocol. A total of 1 lg RNA was used for cDNA preparation by incubating a 20 ll reaction mixture at 42°C for 60 min followed by heat inactivation at 70°C for 5 min. PCR was performed using N gene-specific primers (RABNF5 0 TGGTCACGTGTTCAATCTCAT and RABNR 5 0 ATCAACAGTTTCTTCAGCCATCT3 0 ). Similarly for qRT-PCR was also performed using N gene specific primers [13] in 20 ll reaction volume containing 10 ll of 2 9 syber green master mix of Quantifast SYBR Green (QIAGEN, Germany), 0.5 ll of 10 pM of each primers, 8.0 ll of nuclease-free water and 1 ll of cDNA. The reaction was performed for 40 cycles with 55°C for 30 s as annealing temperature. Positive control and negative control assays were run along with NTC (notemplate control).
Sequencing and phylogenetic analysis
The purified PCR products were sequenced commercially by paired-end Sanger's di-deoxy sequencing (Xcelris Genomics, India) using gene-specific primers. The sequence data were edited and submitted to GenBank. Pairwise and multiple alignment were performed by Muscle [18] . The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7 [18] . All the published nucleotide sequences of rabies virus isolates from India and representative sequences from other parts of world which were originated from different species were included for phylogenetic analysis (Supplementary file).
Results and discussion
Detection of RABV
The studies on the molecular epidemiology of RABV using a substantially large number of N gene sequences of RABV from India are few. Therefore, the study was aimed to characterize Indian rabies virus from livestock and canine origin by molecular analysis in order to understand the circulating virus in livestock in India. Out of 140 rabies suspected samples, twenty-eight samples were found positive for RABV antigen. The positive brain tissues showed characteristic apple green florescent signals with varying degrees in the cytoplasm of the neurons as well as diffused in the impression smears in positive samples (Fig. 1) . Conventional RT-PCR amplified the N gene sequences of rabies virus with an expected product size of 607 bp in 30 samples and all samples were also found positive by qRT-PCR without any non-specific reactions with specific melting temperature (82.24-83.11°C). The low detection by dFAT is attributed to condition of samples received at the time of diagnosis, post-mortem changes, virus load, environmental factors etc., as reported earlier [7, 19] . The efficiency of PCR techniques for the routine diagnosis of rabies has been convincingly demonstrated, especially realtime reverse transcription PCR for RABV diagnosis [4, 5] .
Sequencing and phylogenetic analysis
Thirty N gene nucleotide sequences of detected rabies virus in the brain samples were submitted to GenBank and obtained accession numbers ( Table 2) . Out of thirty partial, twenty-eight partial N gene nucleotide sequences were compared to published sequences of RABV from different species and geographical regions of India (Supplementary  table) . The sequences KT381843 and KT381844 were not included in phylogenetic analysis due to poor sequence coverage. The N gene-based phylogenetic tree showed two groups Group-I (Gr-I), which are closely related to arctic lineage of RABV and Group-II (Gr-II), in which there were two subgroups consisting of cosmopolitan (Gr-IIa) and subcontinental (Gr-IIb) lineage RABV. The Gr-II lineage virus (single isolate) was reported from southern part of India, where as Gr-I lineage virus are spread throughout Indian subcontinent. Further, Gr-I had three distinct subgroups namely Gr-Ia, Gr-Ib and Gr-Ic. The RABV isolates from present study typically formed different subgroups, where in all the RABV isolates from northern part of India were distributed under one single group of arctic lineage. Whereas, the RABV isolates circulating in southern part of India showed both artic and cosmopolitan lineages (Figs. 2,  3 ). The studies have established the presence of arctic like, cosmopolitan and subcontinental lineages among the rabies virus of India [12] [13] [14] . The majority of Indian RABV originated from Arctic like lineage (Arctic-like 1a) in India, which was confirmed by N and G gene based phylogeny [3, [10] [11] [12] [13] [14] [15] . One isolate (KT381853) from the present study was grouped under the cosmopolitan lineage (Fig. 3) , which supports earlier reports of only few Indian RABV identified as cosmopolitan lineage [14] . Even though, the cosmopolitan lineage has been reported from china, but in India the earlier study attributed it to laboratory cross contamination due to close relation with vaccines strain [14] , but the existence of cosmopolitan lineage cannot be ruled out unless a large number of isolates are studied as the isolates in both the studies are of canine origin. Eventhough the virus were from different geographical regions of country they formed single cluster which is nearer to arctic lineage. In contrast, many reported geographically restricted distribution of RABV in India due to the physical barriers like mountain ranges and rivers which can contribute to the evolution RABVs in a region [2, 3, 11, 13] .
Nucleotide and amino acid analysis
At nucleotide level the N gene identity of Indian RABV varied from 89.5 to 100%, while with PV strain varied from 87.2 to 96.7%. The estimated nucleotide frequencies were A = 30.05%, T = 23.45%, C = 19.91% and G = 26.59% for Indian rabies viruses. Between arctic and Asian lineages the substitution or changes were over served at 36 sites. The isolates from southern and northern India also shared high similarity ranging from 99.1 to 100% at deduced amino acid level. The arctic lineage identity of present RABV from India with neighbouring countries RABV is in accordance with previous findings that the viruses from the South Asian countries and Canada are evolved from common ancestry [10, 13, 15] . Based on N gene sequence analysis most RABV (except KT381853) similar in their genetic makeup at nucleotide and amino acid level suggesting high endemic stability of RABV in India. The deduced amino acid sequences of N gene varied at sites 14, 89 and 92 position between arctic and cosmopolitan lineages, where as an addition site at 53 position was observed between Indian and PV strain. These variations in amino acid position in combination with other genes from cosmopolitan lineage can be used to differentiate the two lineages of Indian isolates [14] . Thus, based on the present study and previous studies on domestic animal rabies featured clustering of virus isolates accroding to geographical origin irrespective of host species [11, 13, 14] . In India, dog remains as the main reservoir of rabies transmission, the possible role of wildlife in harbouring RABV needs attention. Additionally, unrestricted movement of domestic animals and no physical barrier between wild and domestic animal interface require further investigation of rabies cases especially at wild-domestichuman interface due to rise in wild animal transmitted rabies.
In conclusion, genetically similar RABV are circulating among canine reservoir species throughout India dominated arctic like lineage compared to subcontinental RABV. Hence continued mass vaccination of dogs under different rabies control programmes may lead to reduction of dog mediated rabies burden in livestock and human rabies in India. 
